generated. Whenever B 10.D2 or DBA/2 minor HAg were present as intact cells, an H-2-restricted response was generated; in contrast, when the antigen was B10.D2 or DBA/2 freeze-thaw membrane fragments, the response, although totally dependent on adherent cells, was predominantly unrestricted, although it did include a smaller subset of H-2 restricted killers. The apparently unrestricted killers could not be explained as being H-2-restricted killers whose receptor specificity is crossreactive with aliogeneic H-2; they seem to recognize minor H as an independent entity. This implies that the T cell receptor repertoire does in fact include receptors for minor H, but that these T cells are not induced when the stimulating antigen is an intact cell bearing minor H. Disruption of the cell membrane to produce fragments may include disruption of the antigenic organization such that minor HAg come into existence as independent immunogenic units.
Materials and Methods
Animals and Immunizations. Male or female 6-12-wk BALB/cCr, B10.D2, C57B1/10 (B10), and DBA/2 mice were obtained from the University of Alberta animal breeding unit. B 10.D2 and BALB/cJ mice were purchased from The Jackson Laboratory, Bar Harbor, ME. BALB.B mice were purchased from Dr. H. McDevitt, Stanford University, Palo Alto, CA. No differences in experimental results were seen using B10.D2 derived from Alberta as compared with those from The Jackson Laboratory. Responder BALB/c mice were primed by intravenous transfer of 1-2 X 107 irradiated B10.D2 or DBA/2 spleen cells; at 2-4-wk intervals they received one to two boosts. These primed mice were used in experiments from 1 to 6 mo after the last boost. The best responses were obtained from spleen cells taken 6 wk or later after the last boost.
In Vitro Culture. Cell cultures were in 24-well Linbro culture plates (Linbro Chemical Co., Hamden, CT). Culture medium was minimal essential medium (MEM) (F-15; Gibco Laboratories, Grand Island Biological Co., Grand Island, NY) with 10 -4 M beta-mercaptoethanol, 5% fetal calf serum (FCS) (Gibco Laboratories), and 50/zM gentamycin. Each culture contained 107 (untreated or nylon wool-passed) primed spleen cells as responders, and either t07 untreated DBA/2 or B lO.D2 stimulator cells, the equivalent of 107 nylon wool-passed stimulators, or the freeze-thaw antigen (FT-Ag) equivalent of 107 cells. Stimulator cells were given 1,500 rad before use. Adherent cells where added were the adherent cells derived from 107 unprimed BALB/c spleen cells unless otherwise indicated. Cultures were incubated at 37°C in 10% CO2/air for 5 d.
Cell Fractionation. Nylon wool fractionation of responder and stimulator cells was by the method of Julius et al. (15) ; nonadherent cells were recovered and used at numbers equivalent to the unfractionated populations to avoid enrichment of remaining cell types. Nonadherent cells were generally 15-25% of the total population loaded on the column. Adherent cells were prepared by the method of Shiozawa et al. (16) . Normal spleen cells from the mouse strain indicated in the results section were allowed to adhere for 120 min to the bottom of the Linbro well to be used for the subsequent culture. The nonadherent cells were dislodged by gentle rocking and removed by suction; the remaining adherent cells were then washed twice with medium. If these adherent cells were to be preincubated with FT-Ag, the antigen was added in medium without FCS and the mixture allowed to incubate for 90 min at 37°C. Excess antigen was not washed away unless so indicated. Plates were then irradiated with 1,500 rad, and responder cells were added to each well. If adherent cells were not preincuhated with FT-Ag, then they were irradiated before addition of other cell types.
FT-Ag Preparation. Spleen cells to be disrupted were suspended at a concentration of 10S/ml in MEM without FCS. The suspension was frozen in liquid N2 and thawed in a 37°C bath; this was repeated twice more. The preparation was centrifuged at 2,000 rpm to rern'ove unlysed cells; this was verified by microscopic inspection. It was then stored in liquid N2 until use.
Target Cells. Spleen cells from the appropriate mouse strain were cultured in Costar 6-well plates (Costar, Data Packaging, Cambridge, MA), in 5 ml of medium plus 5% FCS plus 5 #g/ ml concanavalin A (Con A) for 2-3 d before use as either labeled targets or cold competitors. Labeling with 51Cr was as previously described (5) . Although not normally used as targets, thioglycollate-stimulated peritoneal exudate cells (PEC) were tested to determine if the same pattern of results cou]d be obtained as that seen with blasts. In H-2 restriction experiments, identical results were obtained using either PEC or blast cells.
Assay. All the wells in a particular group (from 2 to 18 replicates) were pooled and resuspended in a volume of 1 ml/culture. Cytotoxicity was assayed by adding 3-5 × 104 labeled target cells to microtiter wells along with 1/10, 1/20, 1/40, and 1/80 fraction of a culture for 4 h at 37°C. Each culture dilution was assayed in triplicate as previously described (5) . For competition assays, cold targets were added to the wells at ratios of 30:1 or 60:1, cold/hot.
Results

Adherent Cells Are Required for the Response to Minor H Ag.
To clearly delineate the role of adherent cells in the cytotoxic response, it was necessary that the responder cell population and the source of antigen be depleted of adherent cells. To this effect, we used nylon wool-passed primed BALB/c responder cells and either nylon wool-passed DBA/2 cells or a membrane preparation thereof (FT-Ag) as our source of antigen. The experiment shown in Table I shows that whereas nylon wool responder cells generate strong cytotoxicity to untreated DBA/2 stimulators (line 1), weak or no cytotoxicity arises in cultures with nylon wool-passed DBA.2 cells or DBA/2 FT-Ag (lines 3 and 5). Co-culture of irradiated normal BALB/c adherent cells with these adherent cell-depleted responders reconstitutes the cytotoxic response to minor HAg expressed on both nylon wool-passed DBA/2 cells and on FT-Ag peparations.
Experiments to determine the optimal conditions for the response to FT-Ag indicated that the FT-Ag preparation was effective over a 10-fold range of cell equivalents (Table II, (Table II , experiment 2). No response was obtained in the absence of FT-Ag (experiment 1, line 6), and DBA/2 adherent cells were able to stimulate a strong anti-minor H response (experiment 2, line 7). These controls establish the fact that stimulation with BALB/c adherent cells incubated with FT-Ag is as effective as stimulating with an intact DBA/2 adherent cell.
Our initial assumption was that these adherent cell were "expressing" on their surface the minor HAg determinants from the FT-Ag preparation. If this were correct, one might expect that if FT-Ag were presented to the adherent cells for "processing", and the unbound antigen removed, then the adherent cells might present antigen in an immunogenic form to responder cells analagous to the antigen presentation by adherent cells that occurs in the T cell proliferation assay (17, 18) . We found that this was not the case. In the experiment of Table III , adherent cells were incubated with FT-Ag for 90 rain and then washed to remove unbound antigen. Such "antigen-pulsed" cells were unable to stimulate a cytotoxic response to minor H (line 3). This experiment also tested the ability of adherent cells from primed spleen to present antigen; these were as efficient as were normal adherent cells and also required the continued presence of the FT-Ag to stimulate the response (lines 4 and 5).
Killers Stimulated by Adherent Cells Presenting FT-Ag Appear to Lack H-2
Restriction. Cytotoxic T cells specific for minor H that have been generated under "conventional" conditions are unable to kill target cells bearing the correct minor H but an incorrect major H [e.g., B 10(H-2b)]. The killers generated by stimulation with cells bearing minor H or with syngeneic adherent cells incubated with FT-Ag were typed for H-2 restriction specificity by the method of cold target competition (Table  IV) . If an intact DBA/2 cell was used as the stimulator, the resulting killers were always H-2 restricted as defined by the inability of cold B10 cells to compete for the 107 nylon wool-passed DBA/2-primed BALB/c responder cells were cultured with the indicated stimulator combination for 5 d. Assay was on 3 × 104 DBA/2 Con A blast cells. Cold competitors were Con A blast cells used at 30:1 ratio of cold to hot. The competition was done for a 1 : 10 to 1:40 dilution series of killers, but only the indicated dilution is recorded above; results were consistant for the whole series.
Results were obtained in four independent experiments using four different batches of primed mice. The lack of H-2 restriction seen under the conditions of line 6 has been observed in 10 independent experiments, using both DBA/2 and B10.D2 stimulated responses. Cytotoxicity on BI0 targets: line l, 2, 0%; lines 3-7, 20-60%. Cytotoxic T cells in cultures of the above type were all found to be of the Lyt-1 +2 + phenotype. This includes both restricted and unrestricted killers generated in response to either B 10.D2 or to DBA/2. This is in contrast to previously published work by ourselves (6) and others (4), and suggests that the Ly phenotype changes depending on the environmental status of the mice at any given point in time. * The culture dilution at which competition first became maximal is reported here. Most of the responses are on the plateau of the killing curve and are therefore an underestimate of the actual killing potential.
It was felt that such responses would bias the results against observing a lack of H-2 restriction, and that competition by cold B10 would therefore be highly significant. :~ Nylon wool-passed. § Untreated responder cells were used. No additional adherent cells were added and no preincubation with FT-Ag occurred.
killers (lines 1-3). Addition of syngeneic BALB/c adherent cells to the cultures (lines 4 and 5) or in interleukin 2 (data not shown) did not change the H-2 restricted character of the response. By contrast, killers stimulated by syngeneic adherent cells presenting DBA/2 FTAg had a specificity that did not appear to be H-2 restricted. Both DBA/2 and B10 cold targets were very efficient competitors of the response to DBA/2 labeled targets (lines 6 and 7). This was not because adherent cells were the antigen-presenting unit, as DBA/2 adherent cells stimulated an H-2-restricted response (line 3 compared with line 6). Neither was it due to considerations involving the magnitude of the response, as the killing activity generated in response to DBA/2 adherent cells was always comparable to that stimulated by BALB/c adherent cells presenting DBA/2 FT-Ag. Increasing the numbers of cold competitors to a ratio of 60:1 did not reveal the existence of non-H2-restricted killers in the populations stimulated by DBA/2 ceils (data not shown).
The non-H-2-restricted killers found in cultures stimulated by BALB/c adherent cells presenting FT-Ag did not always comprise the entire set of killers. Depending on the group of primed mice used, we frequently observed a small subset of killers specific for B10.D2 or DBA/2 that could not be competed by BI0 cold competitors. When it was generated, this H-2-restricted subset always comprised a smaller proportion of the killers than the subset of unrestricted killers.
Although killers were detectable on B10 target cells under certain conditions, we found that this was not a reliable indicator of the existence or extent of non-H-2-restricted killers. In the experiment of Table IV, for example, no killing of B 10 targets was seen if unfractionated or nylon wool-passed DBA/2 cells were used as stimulators, but if BALB/c adherent cells were added to these cultures, or if DBA/2 adherent cells were used as stimulators, then good killing of B 10 targets was generated. These same adherent cell-supplemented cultures, however, exhibited only H-2-restricted killers on DBA/2-targets as measured by cold target competition. This phenomenon reliably occurred for either DBA/2-or B 10.D2-stimulated responses; the results are most easily interpreted as indicating the existence of two nonoverlapping subsets of killers. All subsets of killers detected in these experiments bear Thy-1 antigens based on the fact that killing is completely eliminated by treatment with anti-Thy-1.2 (data not shown). Killers were also found to be of the Lyt-l+2 + phenotype (see legend to Table IV) . Table IV could reflect the presence of killer cells whose anti-minor H specificity is genuinely unrestricted by H-2, or it could indicate that cytotoxic cells recognizing minor H complexed with H-2 a, cross-react with H-2 b. If the response were due to cross-reaction, we would expect that the killers should recognize BALB.B (H-2 b) as well as B10 (H-2b). If the killing were specific for minor H only, B10 but not BALB.B should be recognized. To distinguish between these two possibilities, cytotoxic T ceils were generated in response to B 10.D2 adherent cells (expected to be H-2 restricted) and to BALB/c adherent cells incubated with B10.D2 FT-Ag (expected to lack H-2 restriction). These killers were then absorbed on macrophage monolayers (19) of B10.D2, B 10, or BALB.B genotype; the nonadherent killer cells were assayed for their ability to kill B10.D2 target cells (Fig. 1) . When B10.D2 adherent ceils stimulated the generation of killers, neither B10 nor BALB.B could efficiently absorb out anti-B10.D2 (Table V) . The results obtained under these Qa-2 syngeneic conditions were identical to those reported in Table IV . Cytotoxic T cells generated in response to B 10.D2 adherent cells were H-2 restricted (line 1). In contrast, cytotoxicity generated in response to BALB/cJ adherent cells presenting B 10.D2 FT-Ag were almost exclusively H-2 unrestricted (line 2). This experiment also confirms the results of the experiment shown in Fig. 1 , in that B10 but not BALB.B cold targets were able to compete for the anti-B 10.D2 killer cells. A small subset of H-2-restricted killers were also generated in this group of cultures (line 2, 16% lysis in the presence of B 10 cold competitors).
The Non-H-2-restricted Killers are Specific for Minor H and Do Not Cross-React with H-2 b. The lack of H-2 restriction observed in the experiment shown in
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Discussion
Several groups (9, (12) (13) (14) (20) (21) (22) (23) (24) (25) have reported the participation of an adherent cell in cytotoxic responses to H-2 or to trinitrophenyl modified syngeneic cells, but the function of the cell appears to be as a secretor of soluble factors rather than as an antigen-processing and -presenting unit. In fact, very little direct evidence exists to implicate the adherent cell in antigen presentation for cytotoxic responses, although allogeneic splenic adherent cells and purified dendritic cells have been shown to be very potent stimulators of an anti-H-2 cytotoxic response (25, and unpublished observations). Weinberger et al. (26, 27) have used a system very similar to the one reported here to show that an antigen-processing cell is involved in the generation of a cytotoxic response to major H. In the cases of responses to minor H (7, 8, 10, 11) or to H-Y male antigen (28), circumstantial evidence points to the participation of a postulated antigen-processing/presenting cell in a phenomenon known as cross-priming (7) . When an animal is injected with a cell bearing minor HAg and allogeneic or semi-allogeneic H-2 antigens, cytotoxic precursors specific for an H-2 restricted response to "self minor H" are primed. Because the priming alloantigen could not have expressed the minor H in association with the host H-2 type, it can be concluded that the minor H have been taken up by a host macrophage-like cell and presented in association with the "correct" host H-2 type to cytotoxic T cell precursors (7). This antigen-presenting cell appears to be a necessary component of the priming step only when an allogeneic cell is the source of antigen. Both Forman (10) , and Korngold and Sprent (11) cite evidence that can be most easily interpreted to mean that priming by a cell bearing minor H in association with syngeneic H-2 occurs directly without a requirement for processing by a macrophage intermediary. Furthermore, in none of the published work does the phenomenon of cross-priming operate at the level of the generation of cytotoxic cells by secondary challenge in vitro, although it does operate on a secondary challenge in vivo (29) . Thus, the role of an antigen-processing or -presenting cell in the generation of H-2 restricted cytotoxic responses is problematical.
The concept that an antigen-processing cell allows cross-priming of the H-2-compatible anti-minor H response by an allogenic cell (7, 8) has as a necessary corollary that killers generated in a system dependent upon such a cell will be H-2 restricted. We were therefore very surprised to find that killer cells generated in response to adherent cells presenting B10.D2 membrane fragments were in fact predominantly unrestricted in specificity, as determined by competition. These unrestricted killers could have been cross-reactive with H-2 b, in that the H-2-restricted receptors specific for H-2b-BI0 minors see a similar epitope on H-2 b, analogous to reports in a number of other systems (30) (31) (32) (33) (34) . Alternatively, they could recognize B 10 minors as an entity independent of H-2. To distinguish between these two interpretations, BALB/c cytotoxic cells generated in response to adherent cells presenting B10.D2 FT-Ag were absorbed on macrophage monolayers of B10.D2, B10, and BALB.B haplotypes. If the killers were genuinely unrestricted rather than bearing cross-reactive H-2-restricted receptors, then the cytotoxicity should have been absorbed out by B10 but not by BALB.B monolayers. This in fact was the pattern observed, indicating that the killers recognized minor H independently of major H Ag, in that they were unable to bind to the H-2 b expressed on BALB.B but could bind to the minors expressed on B 10. This experiment also rules out the involvement of Qa-2 or Qa-3 as the target antigen, as both B 10 and BALB.B express the same Qa allele (35) (36) (37) . These conclusions are further substantiated by the experiments using BALB/cJ responder cells in which all components of the systems are syngeneic at the Qa-2 allele. Unrestricted anti-B10.D2 killers in this system were susceptible to cold target competition by B10 but not by BALB.B competitors ( Table V) .
The existence of unrestricted killers specific for minor H has not been reported previously. The major factor allowing us to detect them here was the use of membrane fragments as the source of antigen. It should be emphasized that in all cases where intact B 10.D2 cells served as immunogen, whether or not the response was dependent upon BALB/c adherent cells, the cytotoxic cells generated were completely H-2 restricted in specificity. This indicates that the generation of unrestricted killers depends not on the processing by the adherent cell, although this may be an important part of the response, but on the nature of the antigen used (compare lines 5 and 6, Table IV ). In addition, it seems possible that the multiple boost priming regime we have used is a relevant factor. Either, or both, of the following two interpretations seems reasonable.
First, it is possible that B10 minors do not exist as an immunogenic moiety on an intact cell; the only immunogenic form of minor H Ag may be a complex of minor H and H-2. If this were the case, then fragmentation of the surface membranes by freezethaw procedures may disrupt the antigenic complexes and reveal the B 10 minor H as an immunogenic epitope dissociated from H-2. This model maintains that the adherent cell presents B10 but does not process it to form a new H-2/minor complex on the adherent cell surface. This intepretation is supported to some extent by the elegant experiments of Watt and Gooding (38) who showed that SV40/H-2 complexes on the surface of hybrid cells were able to dissociate and reassort to form previously nonexistent SV40/H-2 complexes within a very short time period in the absence of protein synthesis. Any simple formulation of this hypothesis, however, is negated by the fact that intact B10.D2 cells, because they function as targets, do in fact bear antigenic determinants recognized by the unrestricted killer cells.
A second possibility is that, under normal inductive conditions (e.g., with intact cells as the source of antigen) inhibitory cells suppress the induction of unrestricted killers but allow the generation of H-2-restricted killers. When membrane fragment= are used as the source of antigen, the suppressive factors are absorbed away (via their "Fc" portion) on macrophage membrane bits present in the FT-Ag preparation, rendering them ineffective as reported by Ptak et al. (39) . Thus, both H-2-restricted and -unrestricted killers can arise in such cultures. This model derives indirect support from several observations. Unbound FT-Ag must remain in the cultures (Table III) ; these unbound membrane fragments may serve a purpose other than that of antigen. This interpretation is further strengthened by the fact that adherent cells that have been incubated with allo-FT-Ag and from which the unbound antigen has been washed away are very potent stimulators of a response to allogeneic major H-2 antigens (data not shown). If the above model were correct, the cytotoxic response to intact cells might be expected to become at least partially unrestricted if syngeneic (BALB/c) freeze-thaw membranes were added to the cultures as a way of absorbing the suppressive factors on an ineffective vector. Our observation that cytotoxic responses to detergent-solubilized B10.D2 antigens are also predominantly unrestricted in character does not easily accord with this suppressor model (unpublished data). Experiments are in progress to further analyze the factors responsible for the generation of unrestricted killers.
Neither model excludes the generation of restricted killers in cultures responding to the FT-Ag, and in fact both H-2-restricted and -unrestricted killers were usually generated in a given experiment, although occasionally only unrestricted killers arose; these were almost always the larger subset of a mixed response. This suggests that both minor H as an independent entity and minor H as a complex with H-2 d were present in the FT-Ag membrane preparation. Alternatively, the BALB/c adherent cell may process minor H in such a way that some of the minor H is reassociated with H-2 d. In experiments using B10 membrane fragments instead of B10.D2, both unrestricted killers and a subset of H-2d-restricted killers (as defined by competition) were generated, providing strong evidence that processing can occur, because B10 FT-Ag cannot include antigens consisting of B 10 minors complexed with H-2 d (data not shown).
A final possibility is that the apparently unrestricted killers are in fact restricted by the product of an inappropriate H-2 allele (i.e., H-2b). This might occur if the use of the membrane fragments as antigen were to change immunodominance patterns, such that a normally undetectable subset of killers that see similar determinants on complexes of both H-2 b and H-2 a minors is selectively amplified. This type of mechanism has been suggested by Wettstein and Frelinger (4) based on the Ly phenotypes of killers generated against different minor H-bearing stimulator cells. Experiments are in progress to determine whether or not H-2 b gene products are a necessary component of the target antigen recognized by killers generated in the response of BALB/c to B 10.D2 fragments.
Summary
The secondary cytotoxic T cell response of BALB/c to B10.D2 or DBA/2 minor histocompatibility antigens in vitro requires the participation of an adherent cell. Nylon wool-passed spleen cells were only able to respond to nonadherent intact stimulator cells, or to membrane fragments derived from those cells, if a syngeneic adherent cell were present in the cultures. When the H-2 restriction properties of cytotoxic cells generated in response to various types of stimulation were analyzed, it was found that responses to B10.D2 or DBA/2 intact cells were aiways H-2 restricted.
Responses to syngeneic adherent cells presenting B10.D2 or DBA.2 freeze-thaw antigen were either entirely or predominantly lacking in H-2 restriction as defined by efficient competition by B10 (H-2 h) cold target cells. These unrestricted killers appeared to recognize minor histocompatibility as an independent determinant rather than as an H-2d/minors moiety cross-reaction with H-2 b, because they were not absorbed by BALB.B (H-2 b) macrophage monolayers, but were absorbed by B10 monolayers. Similarly, B10 but not BALB.B cold targets were able to compete for the anti-B10.D2 killers. These experiments eliminate the possibility that the lack of restriction was due to an H-2 b restricted receptor cross-reactive with H-2 b. Possible models to explain these findings are discussed.
